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The development of aboveground-belowground linkages during century-scale succession is 23 also poorly understood. Our study addressed this knowledge gap by investigating SMC and 24 plant communities undergoing primary succession on an 850-year chronosequence of lava 25 flows in Iceland. We hypothesised that communities of microfungi and bacteria would 26 respond to progressive changes in vegetation and that SMC diversity would increase with 27 terrain age. Soil samples were collected from three lava flows at different stages of primary 28 succession (165, 621 and 852 years after lava flow emplacement). Plant community 29 composition was surveyed as the samples were collected. The composition of the SMCs 30 present in the soil was determined using amplicon pyrosequencing. The physical and 31 chemical properties of the soil were also analysed. The results of the study indicated 32 changes in plant and fungal communities with increasing terrain age. Distinct plant and 33 fungal assemblages were identified on the three sites and both communities became richer 34 and more diverse with increasing terrain age. There was also evidence to suggest the 35 development of mycorrhizal associations on older sites. In contrast, the composition and 36 structure of the bacterial communities did not change systematically with terrain age. 37
Introduction

48
The changes that occur in plant and animal communities during primary succession 49 (ecosystem development on terrain with no biological legacy) have been studied for decades 50 (Walker and del Moral, 2003) . However, very little is known about long-term (decades-51 centuries) primary succession in soil microbial communities (SMCs). SMCs play a critical role 52 in the cycling of carbon and nutrients in terrestrial ecosystems as well as regulating plant 53 productivity and diversity (van der Heijden et al., 2008) . Understanding long-term changes in 54 such communities is therefore essential to efforts to model and manage ecological change, 55 including the restoration of degraded ecosystems (Kirk et al., 2004) . Some attention has 56 been given to changes in SMCs (particularly bacteria) over comparatively short periods of 57 time (e.g. Jumpponen the succession of mycorrhizal fungi over relatively short timescales has also received 59 attention (Last et al., 1987) . However, technological barriers (specifically, problems in 60 describing the high diversity of microbial communities) have meant that, until recently, the 61 focus his been on aggregate SMC function rather than taxonomy. Furthermore, the studies 62 that have been published are largely based on glacial forelands (Schaaf et al., 2011) . This 63 study aims to address this gap by investigating SMC dynamics across an 850-year 64 chronosequence of lava flows in Iceland. 65 66 A lack of comparability between previous studies means that it is difficult to form a clear 67 picture of SMC succession. Most researchers agree that SMC biomass increases during 68 primary succession (Bardgett et al., 2005) . There is also some evidence of progressive 69 change in the structure of SMCs during succession. respectively. The functional diversity of SMCs may also increase as primary succession 73 unfolds (e.g. Tscherko et al. 2003) . However, these patterns are not universal. For example,(64° 00' N, 19° 40' W) to investigate long-term (multi-century) changes in SMC composition. 105 The chronosequence has been described in detail in Bjarnason (1991) and Cutler et al. 106 (2008) . The Hekla sites are particularly well-suited to chronosequence studies as a) the age 107 of the lava flows is well constrained (to a sub-annual level in some cases); b) the lava flows 108 are close to each other and at the same altitude, ensuring that the sites have similar 109 environmental conditions and accessibility to propagules and c) the lava flows have similar 110 slopes, substrate chemistry and surface physiogonomy (Bjarnason, 1991) . The region has a 111 cool, maritime climate with mean January and July air temperatures of -1.7°C and 11.0°C, 112 respectively, and a mean annual rainfall of around 1200 mm. The lava flows varied in age 113 (165-852 years) but were otherwise similar in all respects. Younger lava flows do exist (e.g. 114 those emplaced in the 1980 and 1947 CE eruptions of Mt Hekla), but these flows do not have 115 soil cover and were therefore omitted from this study. The lava has been dated by 116 contemporary accounts and tephrochronology (Thorarinsson 1967), giving excellent age 117 constraint. All of the flows have an altitude around 300 m above sea level and are composed 118 of blocky, a'a lava with a similar geochemistry. The survey sites used are characterised by 119 fine, free-draining andosols (Arnalds, 2004) . The lava flows undergo slow vegetation 120 succession (Bjarnason, 1991 resulting in a total of six samples per transect and 36 samples in total. Sampling was carried 134 out on a scale relevant to the spatial scale of the vegetation (cm to m) and the sampling 135 strategy aimed for a balance between spatial resolution and coverage, within the available 136 resources. A soil core approximately 2 cm in diameter and 10 cm long was collected at each 137 sampling location using a stainless steel corer. The corer was sterilised using a 70% solution 138 of ethanol before and after the collection of each core. The core was immediately placed in a 139 sterile sample bag and stored at -20°C within hours of collection. On the 1389 and 1158 140 flows, there was a clear distinction between an organic layer, primarily formed of partially 141 decomposed moss stems, and an underlying layer with a sandy texture. These two layers 142 were separated in the field and stored in separate sterile bags. Vegetation composition and 143 abundance was recorded for each quadrat, using the Braun-Blanquet scale, with taxonomy 144
following Kristinsson (1998) A modified CTAB extraction method (Rogers and Bendich, 1988 ) was used to extract 168 microbial DNA from the soil samples. Each core was thawed at room temperature and 169 thoroughly mixed; 500 µl lysis buffer (0.5% SDS, 25 mM EDTA, 20 µg/ml proteinase K) was 170 then added to ~0.4 g subsample of the soil, mixed by inversion and incubated at 55°C for 30 171 minutes, mixing every 10 minutes. 100 µl of 5 M NaCl and 80 µl of 10% CTAB solution at 172 65°C were added and the samples incubated at 65°C for 10 minutes. 680 µl of 173 chloroform:isoamyl alcohol (24:1) was then added; the mixture was shaken to form an 174 emulsion, then centrifuged for 5 minutes at 16 000 x g at 20°C. Nucleic acids were 175 precipitated from the aqueous layer by adding 0.6 volumes of isopropanol. (7 shrubs, 9 gramminoids and 8 forbs); 3 bryophytes and 6 lichens ( Table 1 ). The bryophyte 284
Racomitrium lanuginosum was overwhelmingly dominant with >75% cover in most quadrats, 285 although there were changes in vegetation structure according to terrain age. Whilst the 286 moss layer was more-or-less uninterrupted on the youngest sites, higher plants were more 287 prominent on older sites. Plant richness and Shannon diversity were relatively low on all 288 sites, but both metrics increased monotonically with terrain age as higher plants became 289 established (Fig. 2) . NMDS of the vegetation data (performed using presence-absence 290 figures) highlighted compositional differences: the sites were clustered according to terrain 291 age, but distributed along axis NMDS-1 and clearly distinct from one another (Fig. 3) . The 292 first axis generated by DCA was closely associated with terrain age and explained 23% of 293 the variance in the data (results not shown). The length of this axis was ~3 SD units. The PS 294 figures indicated high levels of similarity between transects on the same lava flow and a clear 295 difference between flows of different ages (Table 4) . 296 297 There were no significant differences in the physical properties of the soils according to 302 terrain age. All the soil samples were dark, fine-grained and had low cohesion. The fine sand 303 fraction (2 -200 μm) accounted for 70-75% of grains by volume in all samples ( Table 2 ). The 304 grain size distribution of the 1389 and 1158 samples was virtually identical, consisting of~95% sand-sized particles and 5% silt. Clay sized particles were absent. The 1845 samples 306 were somewhat finer and contained small amounts of clay (~0.3% by volume). All of the 307 samples were weakly acidic (pH ~6.5) and comprised around 10% SOM. 308 309 Total soil N, determined using an elemental analyzer, was low and averaged around 0.1% on 310 all three lava flows (Table 2) . Total soil P, measured using ICP, exhibited a significant 311 increase with terrain age (ANOVA: F 2,33 = 17.9, p < 0.001). The number of sequence reads did not vary widely between samples; the bacterial samples 321 generated more sequences than the fungal samples (ranges: 2046 -4152 reads/transect for 322 fungi, 4069 -5099 for bacteria). Following sequence clean-up, the median length was 270 323 base pairs (bp) for the fungi and 281 bp for the bacteria. The proportion of sequences that 324 remained unclassified at a phylum level was relatively small (2.4% of the fungal reads and 325
5.4% of the bacterial reads). 326 327
The fungal communities comprised a mixture of taxa from the Basidiomycota and 328 Ascomycota, with more reads from the Ascomycota (a ratio of 2.6:1). Other phyla were 329 present but rare: only the Zygomycota (in the form of the genus Mortierella sp.) had a 330 significant representation (refer to Supplementary data for details). A small number of fungal 331 taxa accounted for > 1% of reads and could be resolved to genus level or lower (Table 3) . 332
Although few in number, these taxa accounted for a disproportionate number of reads 333 (36.2%). The bulk of the remaining reads were assigned to less well resolved taxa, notablythree unclassified Ascomycetes (one from the subphylum Pezizomycota, one from the order 335
Capnodiales and one from the order Helotiales, accounting for 26.8%, 8.1% and 5.0% of all 336 fungal reads, respectively) and an unclassified Basidiomycete from the subphylum 337 Agaricomycetes (5.0% of all fungal reads). The remaining reads were dispersed thinly across 338 a large number of taxa (refer to the Supplementary Data file for details). Large numbers of 339 reads associated with Batcheloromyces sp. (a genus from the order Capnodiales) were 340 recorded on the older surfaces (the 1389 and 1158 flows), but fewer were recorded on the 341 youngest terrain (Table 3) However, when the data were aggregated there was a clear relationship between the 357 frequency of putative mycorrhizal reads and terrain age (Fig. 4) The analysis revealed 24 bacterial phyla. Phyla commonly associated with soil habitats, 368
notably Proteobacteria and Acidobacteria, were dominant in terms of number of reads (Table  369 3). Betaproteobacteria from the class Burkholderiales were particularly prominent, as were 370
Alphaproteobacteria from the order Rhizobiales. Actinobacteria (including Arthrobacter sp., a 371 common soil bacterium) were also abundant. The other bacterial phyla had many fewer 372 sequence reads. For example, the Verrucomicrobia, commonly encountered in other surveys 373 of soil bacteria (Killham, 1994) , accounted for less than 2% of all the bacterial sequence 374 reads. The relative abundance of sequence reads from the Acidobacteria was lowest on the 375 oldest terrain age, even though soil pH remained constant. The abundance of Actinobacteria 376 increased somewhat with terrain age. Otherwise, there were no obvious trends in the 377 representation of other abundant bacterial phyla. 378 379 The bacterial communities sampled were richer than their fungal counterparts (Fig. 5) . The 382 pyrosequencing data suggested that both communities were inequitable i.e. they were 383 characterised by a small number of dominant taxa. For fungi, top quintile of OTUs (ranked by 384 number of sequences) accounted for 85% of total reads. Dominance was less marked in the 385 bacteria, where the top quintile of OTUs accounted for 76% of total sequence reads. 386
Consequently, bacterial communities were more diverse than fungal communities. Fungal 387 richness and Shannon diversity increased with terrain age (diversity on the 1158 flow (H = 388 4.53) was slightly higher than that on the 1389 flow (H = 4.47 ± 0.02)). Fungal equitability 389 was higher on the two oldest surfaces (HK-3 to HK-6). Similar indices of bacterial diversity 390 were much less variable and did not increase in the same fashion with terrain age. The NMDS plot of the fungal data indicated close similarities between communities on the 395 oldest terrain (HK-3 to HK-6) (Fig. 6) In contrast, the transects from the youngest surface 396 (HK-1 & HK-2) were widely separated, both from each other and the older transects. End-397 member transects were separated by ~3.5 SD units on the first DCA axis, which accounted 398 for 36% of the variance in the data. 399
400
The NMDS plot for the bacterial data indicated similarities between transects on the same 401 lava flow. The transects were arranged along NMDS1 according to terrain age (Fig. 6) . 402
Again, transects from the youngest surface (HK-1 and HK-2) appeared dissimilar. However, 403 the overall differences between transects were less for bacteria than fungi. DCA indicated 404 that end member sites were only separated by ~1.5 SD units on the first DCA axis, which 405 accounted for 45% of the variance in the data. The PS values for fungal communities reinforced the pattern evident on the NMDS plot i.e. 410 the communities from transects HK-3 to HK-6 were very similar and distinct from those on 411 the youngest terrain (Table 4) . On the youngest lava flow, the similarity between HK-1 and 412 HK-2 was low (63%) when compared to the transects on older surfaces. HK-1 and HK-6 413 were remarkably similar in terms of fungal communities, but not plants and bacteria. The 414 pattern of similarity was different for the bacteria. A large proportion of bacterial OTUs 415 occurred across the chronosequence. Consequently, the similarities between bacterial 416 communities in different sampling locations were remarkably high and there was little 417 evidence of systematic differences according to terrain age. Transects on terrain of the same 418 age were more-or-less the same as sites on terrain of different ages in terms of community 419 composition. 420 
Discussion
425
The results of this study indicated changes in plant and fungal communities with increasing 426 terrain age. Distinct plant assemblages were identified on the three lava flows and the fungal 427 communities on the youngest lava flow were very different from those on the older flows. 428
Both plant and fungal communities became richer and more diverse with increasing terrain 429 age. There was also evidence to suggest the development of mycorrhizal associations on 430 older sites. In contrast, the composition and structure of the bacterial communities did not 431 change markedly with terrain age and there were few changes in soil properties. SOM 432 concentrations and pH, both of which have been demonstrated to be important to SMCs (e.g. Hence, the mineral component of Hekla's soils is mainly derived from aeolian deposition, 470 rather than bedrock weathering (Arnalds, 2004) . Differences between nutrient cation and P 471 concentrations in the organic layer (with a low minerogenic component) and underlying 472 mineral soil (where dust accumulates) suggested that the addition of aeolian material 473 influences soil fertility (Table 2 ). Although decomposition rates are likely to be low, 474 accumulating SOM is continuously diluted by the addition of minerogenic material, hence 475
[Mg] and [Ca] did not vary with terrain age, despite rainfall levels that would promote 478 leaching, suggesting continuous replenishment and cation levels in excess of plant 479 requirements. Previous work on the N:P ratios of plant tissue suggest that it is N, rather than 480 P, that is limiting, and P is also likely to be present in excess of plant requirements (Cutler, The microbial communities in this study exhibited differing developmental trajectories. In 501 common with plant communities, fungal assemblages appeared to change as terrain age 502 increased. In contrast, bacterial communities remained very similar in terms of composition 503 across the chronosequence. The fungal NMDS plot (Fig. 6a) suggested a change in 504 community composition between the youngest transects (HK-1 & HK-2) and the olderso there are clearly differences between early and late successional communities. This 507 observation is suggestive of microfungal succession, which slows as the terrain age 508 increases. The increase in community similarity that occurs with terrain age (Table 4) is 509 consistent with convergent succession i.e. young sites have spatially heterogeneous 510 distributions of taxa that are homogenised as succession progresses (Lepš and Rejmánek, 511 1991; Woods, 2007) . The similarity between fungal communities on the youngest and oldest 512 sites (HK-1 and HK-6: Table 4 ) apparently goes against this trend, but the relationship 513 between the sites is driven by the co-occurrence of many rare OTUs (over-weighted due the 514 use of presence-absence data). The widely separated position of the sites on the NMDS plot, 515 which is based on more abundant (and, presumably, more ecologically important, OTUs) 516
suggests that the similarity between these sites is an artefact of the technique used. 517
Microfungal succession has been observed before: Osana and Trofymow (2012), for 518 example, reported succession in saprotrophic fungi living in moss, but this process has not, 519 to our knowledge, been observed on a timescale of centuries. 520
521
It is likely that mycorrhizal associations are particularly important in primary successions, 522
given the stressful growth conditions (particularly low N availability) that typically prevail 523 (Walker and del Moral, 2003) . ERM and ECM fungi would be expected to dominate, due to 524 the scarcity of N and the fact that most bioavailable N is likely to be tied up in organic 525 macromolecules. Previous research has suggested that AM fungi do best in mineral soils 526 where the availability of P is low relative to N (Read, 1994), so they are likely to be less 527 abundant on Hekla (where P is probably not limiting). A temporal shift in the abundance of 528 mycorrhizal taxa might also be anticipated as vascular plants colonise, spread and form 529 mycorrhizal associations over time (Bardgett et al., 2005 Mycorrhizal taxa were not especially abundant in this study (perhaps because plant roots 538
were not sampled directly) but there was some evidence to support the trends identified in 539 earlier studies. AM fungi were scarce and ECM and ERM fungi were found on the oldest 540 sites e.g. the occurrence of R. aeruginea and M. bicolour in association with shrub and tree 541 species on the 1158 lava flow (samples HK-5 & -6). Furthermore, it appeared that 542 mycorrhizal taxa were more abundant on the oldest terrain (Fig. 5) . It was impossible to 543 establish definitively how many of the fungi observed were saprotrophs, due to the variations 544 in taxonomic resolution and uncertainties over fungal metabolism in the published literature. 545
Two of the most abundant fungal taxa may be confidently described as saprotrophs 546 (Mortierella sp. and Clavaria argillacea) and other, rarer saprotrophs were present on terrain 547 of all ages. Clavaria argillacea appeared to decline in abundance with increasing terrain age 548 (Table 3) , consistent with predictions of Jumpponen (2003), but Mortierella exhibited the 549 opposite pattern. Ultimately, it was not possible to establish saprotrophic succession with 550 such limited data and a more focussed study would be required to establish whether the 551 relative proportion of saprotrophs changes systematically with successional stage. 552
553
The bacterial communities exhibited very little evidence of succession. The lava flows were 554 arranged in age order along the first NMDS axis (Fig. 6) , which is consistent with succession. 555 However, the most abundant bacterial OTUs occurred on all three sites and short DCA axes 556 (~1.5 SD units) indicated low species turnover. The composition of the bacterial community 557
was not unexpected and most of the major groups commonly associated with soils were 558 present. Only the Acidobacteria and Actinobacteria exhibited a systematic change in 559 abundance with terrain age. It may be that the bacterial communities reach a long-term 560 equilibrium relatively early in the succession. Studies elsewhere have indicated that bacterial 561 communities can stabilise after a period of decades (e.g. Tscherko et al., 2003) . In this study, 562 bacterial communities may have stabilised with the formation of continuous moss cover and 563 the associated accumulation of the first protosoils ~70 years after the emplacement of the 564 lava. At that point, cyanobacterial communities living on the surface of the lava would have 565 been replaced by heterotrophic bacteria as light was excluded and the moss provided a 566 reliable, if meagre, source of organic carbon. Thereafter, the progressive changes in soil 567 conditions that influence bacterial community composition and structure on other sites (e.g. 568 increasing soil pH) did not occur and the bacterial community remained relatively unchanged. 569 age. These changes represent a 'filling up' of the sites from a small regional species pool 585 and decreasing dominance of R. lanuginosum as vascular plants colonise and expand 586 (Cutler et al., 2008) . Differences in dispersal and establishment ability probably played a role 587 in determining the rate and direction of plant succession. The relationship between SMC 588 structure and terrain age varied according to the group studied. Fungal community structure 589 paralleled changes in above ground vegetation, with monotonic increases in diversity with 590 increasing terrain age. This result supported previous research that suggests SMC diversityis linked to plant species diversity (Zak et al., 2003) . In contrast, bacterial community 592 structure did not change in step with vegetation succession. 593
594
In microbial ecology, it has been posited that "everything is everywhere but the environment 595 selects" (Green and Bohannan, 2006) . As fungi readily disperse by spores, increasing fungal 596 richness is most likely due to the creation of new habitat niches as succession unfolds. New 597 niches created by plant succession might include the presence of recalcitrant organic 598 compounds, e.g. lignin, in litter, or the roots of new colonisers e.g. ericaceous shrubs. Some 599 mycorrhizal fungi, particularly the ECM and ERM fungi that predominant in the latter stages 600 of succession, have been shown to have high levels of host specificity (Last et al., 1987) . 601
Consequently, increased plant richness is likely to be associated with increased fungal 602 diversity (Read, 1994) . Compared with the bacterial communities, the fungal communities 603 had low equitability, with a few dominants and many rare species. This was particularly 604 marked on the youngest terrain. Inequitable community structure implies that a handful of 605 species have been successful in dominating resources and excluding their competitors. An 606 increase in equitability with increasing terrain age was consistent with the formation of new 607 fungal niche space as plant succession progressed. 608
609
In contrast to changes in fungal community structure, bacterial structure was invariant across 610 the chronosequence. Bacterial richness, diversity and equitability were more-or-less the 611 same on all three sites. Such invariance implies that plant succession had little impact on 612 bacterial community composition. Of course, it is possible that bacterial biomass varied whilst 613 taxonomic composition remained constant (the same point could also be made for the fungi). 614
Furthermore, PCR techniques do not discriminate between active tissue and inactive 615 spores/senesced tissue. Hence ecological interpretations of the data should be treated with 616 care. Further investigation (e.g. using quantitative PCR) would be required to establish if 617 changes in biomass not paralleled by changes in community composition have occurred onreported systematic increases in the ratio of fungal:bacterial biomass over time as soils 621 acidify. It is not possible to say whether or not this has occurred with the current dataset but, 622 again, it seems unlikely given the constancy of soil pH across the sites. 623 624 625
Conclusions
626
The results of this study revealed differences in the temporal dynamics of fungal and 627 bacterial communities. Fungal community composition and structure varied during 628 succession: discrete communities formed and these communities became more diverse with 629 increasing terrain age. Changes in community structure occurred without accompanying 630 changes in the soil pH and organic matter content and mirrored changes in vegetation. Our 631 study did not set out to establish a causal link between plant and microbial succession. 632
However, these data strongly suggest a connection that is worthy of further research. It is 633 likely that plant succession led to changes in the type and quality of organic carbon added to 634 soil. Thus, although SOM concentrations did not change overall, the biochemical composition 635 of the organic compounds in the soil may have done. Litter quality (usually measured in 636 terms of C:N ratios) is important to SMCs, as is carbon lability. Indeed, carbon lability, rather 637 than N content, may be the primary control over decomposition in some settings (Chapin et 638 al., 2002) . In this study, increases in the availability and diversity of recalcitrant compounds, 639 e.g. lignin, are probable as shrubby species colonise and spread. An increase in the diversity 640 of these organic substrates could impact on fungal communities. In contrast, bacteria, which 641 can only metabolise more basic products, may not have experienced the same changes in 642 their environment, particularly as pH, which has been demonstrated to structure bacterial 643 communities, did not change. These communities probably became saturated early in the 644 succession and are likely to be more sensitive to changes in soil chemistry than plant 645 community structure per se. This work has relevance for studies of primary succession, 646 which often neglect changes in microbial communities in the soil. It is also relevant for 647 ongoing research into the biogeochemical impact of vegetation change in high-latitude 648 settings. similarity for fungi and 97% similarity for bacteria) by crosses. Sites HK-3 and HK-4 are so 690 similar that they overlap. Only the most abundant OTUs (i.e. those accounting for more than 691 1% of the reads in any sample) were used in the analysis. 692 Table 4 : Percent similarity data (100% = identical community structure) calculated from OTU 967 presence-absence data. Values comparing adjacent transects on terrain of the same age are 968 indicated in bold. 969
